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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain

Length
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer

Flow

foot per year (ft/yr) 0.3048 meter per year
gallons per minute (gal/min) 0.06308 liters per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second
million gallons per year (Mgal/yr) 3,785 cubic meters per year

Hydraulic con ivi

foot per day (ft/d) 0.3048 meters per day

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929-- a
geodetic datum derived from a general adjustment of the first-order level nets of the United
States and Canada, formerly called Sea Level Datum of 1929.



SIMULATTION OF GROUND-WATER-FLOW PATTERNS AND AREAS
CONTRIBUTING RECHARGE TO STREAMS AND WATER-SUPPLY WELLS
IN A VALLEY-FILL AND CARBONATE-ROCK AQUIFER SYSTEM,
SOUTHWESTERN MORRIS COUNTY, NEW JERSEY

by Robert S. Nicholson and Martha K. Watt

ABSTRACT

Regulatory programs to evaluate and control potential sources of contamination of public
supply wells require knowledge of recharge mechanisms, flow patterns, and areas contributing
recharge to wells. Ground-water-flow patterns and areas contributing recharge to wells and
streams in a complex valley-fill and carbonate-rock aquifer system in southwestern Morris
County, New Jersey, were simulated by using a three-dimensional numerical ground-water-flow
model. Areas contributing recharge to supply wells under recent, projected 2005, and full-
allocation pumping conditions were delineated and areas contributing recharge that reaches
supply wells in 5- and 12-year time periods were identificd. Limitations of the analysis include
factors related to conceptual-model reliability, model discretization, and parameter error.

Withdrawals from the aquifer system arc increasing in large part to mect growing water
demands of communities in southwestern and central Morris County. As withdrawals increase,
areas contributing recharge to wells expand, displacing arcas that previously contributed recharge
to streams.

The area contributing recharge to a shallow well typically is located near the well. The
area contributing recharge to a decper well typically consists of a highly irregular or fragmented
area, parts of which can be located thousands of feet from the well. Ground-water travel time
from distant contributing recharge areas to deep wells typically is many decades or hundreds of
years, whereas travel time to shallow wells from local contributing recharge arcas typically is
shorter.

The aquifer system in the study area consists of three aquifers--an upper valley-fill aquifer,
a lower valley-fill aquifer, and an underlying carbonate-rock aquifer. Recharge occurs as direct
infiltration of precipitation through the valley floor and as seepage from surface water. Irregular
aquifer boundaries and complex hydraulic gradients result in ground-water-flow patterns that are
tortuous in places. Flow patterns in the upper valley-fill aquifer are dominated by the effects of
surface-water features and aquifer boundaries, and most water in the upper valley-fill aquifer
discharges to streams. Flow patterns in the lower valley-fill and carbonate-rock aquifers in the
study area are dominated by the effects of supply wells, aquifer boundaries, and zones of varying
aquifer permeability.

Withdrawals from the aquifer system in the study area averaged 4.2 Mgal/d during
1991-95 and are projected to increase by 38 percent, to about 5.8 Mgal/d, by 2005. If 1996 alloca-
tions were fully utilized, withdrawals would reach 6 Mgal/d, a 43-percent increasc over recent
(1991-95) withdrawals. The areas contributing recharge to wells under projected 2005 and full-



allocation conditions were larger than those under recent conditions. Arcas contributing recharge
to wells under projected 2005 and full-allocation conditions were generally similar because
ground-water withdrawals under these respective conditions were similar. Differences in contrib-
uting areas and travel times under different conditions are attributable to differences in pumping
rates.

INTRODUCTION

In the New Jersey Highlands, the valley-fill' and carbonate-rock aquifer system
extending from Hoffmans to Picatinny Arsenal (fig. 1) has become an increasingly important
source of water supply for communities in southwestern and central Morris County. The hydro-
geology of the aquifer system and surrounding area were described in a previous investigation by
Nicholson and others (1996), which included the development and application of a numerical
ground-water-flow model (fig. 1). Eighteen water-supply wells tap the aquifer system in the
present study area which includes the headwaters of Drakes Brook and the Lamington River
(fig. 1). These wells provide water to communities in and east of the study area. As these commu-
nities continue to experience residential, commercial, and industrial growth, withdrawals from the
aquifer system in the study area are expected to increase.

The study area includes several potential sources of ground-water contamination. Efforts
to protect and monitor the quality of ground-water resources in the study area have been
constrained by a limited understanding of recharge areas and flow patterns. This study was under-
taken to improve this understanding.

The U.S. Environmental Protection Agency (USEPA) instituted the Wellhead Protection
Program to provide a regulatory framework for the evaluation and control of potential sources of
contamination of public water-supply wells. A critical element of such evaluations is the determi-
nation of the areas contributing recharge to supply wells. In hydrogeologically simple settings
and circumstances, simplified analytical-modeling methods or arbitrary approaches are
sometimes used to estimate these areas (U.S. Environmental Protection Agency, 1987; New
Jersey Department of Protection and Energy, 1991). In complex hydrologic-flow systems, such as
the valley-fill and carbonate-rock aquifer system in southwestern Morris County, New Jersey
(fig. 1), arcas contributing recharge to wells can be estimated more reliably by the application of
numerical-modeling techniques.

The U.S. Geological Survey (USGS), in cooperation with Randolph Township, conducted
a study of the aquifer system in which numerical-modeling techniques were used to estimate areas
contributing recharge to all ground-water discharges from the study area. This study is part of the
Alamatong Wellhead Protection Demonstration Project, which was administered by Randolph
Township as part of the New Jersey Department of Environmental Protection (NJDEP) Wellhead
Protection Program. The NJDEP Wellhead Protection Program was initiated under the auspices of
the USEPA Wellhead Protection Program, which requires each state to implement programs to

ITerms in bold are defined in the glossary.
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delincatc wellhead protection areas. Other participants in the Alamatong Wellhead Protection
Demonstration Project include Chester Township, Roxbury Township, the Morris County
Municipal Utilities Authority, and the Upper Raritan Watershed Association.

Purpose and Scope

This report presents the techniques and results of numerical simulations used to describe
ground-water-flow patterns and to estimatc arcas contributing recharge to wells in the study area.
Simulated ground-water-flow patterns in the three aquifer units are described, and a ground-water
budget that quantifies ground-water flow inte and out of the aquifer system in the study arca is
presented. Estimated areas contributing recharge to wells and streams under three alternative flow
conditions--recent, projected 2005, and full allocation--are identified and compared. Time-of-
travel from areas contributing recharge to water-supply wells is calculated, and the areas contrib-
uting recharge to the wells in 5- and 12-year time periods are presented. Assumptions and
inherent limitations of the analysis are discussed.

Previous Investigations

The USGS, in cooperation with the NJDEP, conducted an investigation of the hydro-
geology of the valley-fill and carbonate-rock aquifer system during 1987-91 (Nichelson and
others, 1996) in which critical features of the aquifer system, including hydrogeologic framework
(geometry), water levels, hydraulic characteristics, geochemistry, base flow, and supply-well
pumping rates, were assessed. A three-dimensional numerical ground-water-flow model of the
aquifer system was developed by using the USGS modular model (MODFLOW) code by
McDeonald and Harbaugh (1988). The model was calibrated and used to determine effects of
withdrawals on water levels, ground-water-flow rates, and base flow. The calibrated model is
suitable, with some limitations, for use in calculating ground-water-flow paths and for estimating
areas contributing recharge to wells.

Acknowledgments

The authors gratefully acknowledge the input of the many State and local officials and
nonprofit environmental erganizations involved with the Alamatong Wellhead Protection Demon-
stration Project. In particular, we acknowledge the guidance and assistance of Allison Werry of
Randolph Township, Russell Titus of Roxbury Township, Kimberly Cenno of NJDEP Office of
Environmental Planning, and David Peifer and Douglas Schicifer of the Upper Raritan Watershed
Association. Jennifer Myers, NJDEP Bureau of Water Allocation, provided information on
ground-water withdrawals and allocations. Special thanks are extended to David Troast, Sparta
Township Planning Director and former Randolph Township Planner, whe initiated the planning
of this project.

Description of the valley-fill and carbonate-rock aquifer system

The aquifer system extends along valleys of the Drakes Brook and Lamington River
Basins in the New Jersey Highlands. The part of the aquifer system considered in this study
extends from the Flanders area in the southwest to the Kenvil area in the northeast (fig. 1). The
valley fill is a complex assemblage of stratified glacial drift, glacial till (unstratified glacial



sediment), alluvium (sediment deposited by streams), and colluvium (sediment from an adjacent
slope deposited by gravity). The valley-fill sediments are underlain in most areas by carbonate
rock, which in many areas is folded, fractured, and highly weathered. In some areas, Paleozoic
rock (primarily conglomerate) underlies the valley fill and overlies the carbonate rock. Paleozoic
quartzite and Precambrian gneiss underlie and laterally bound the valley-fill and carbonate-rock
units. The formation and characteristics of these geologic units are described in detail by
Nicholson and others (1996). The geometries of these units were defined by L.J. Nicholson and
Robert Canace (New Jersey Geological Survey, written commun., 1990) and are also documented
by Nicholson and others (1996).

The aquifer system consists of upper and lower valley-fill aquifers, two valley-fill
confining units, a Paleozoic-rock confining unit, and a carbonate-rock aquifer (fig. 2). The
combined thickness of water-bearing units ranges from zero at the valley walls to several
hundreds of feet along valley axes (L.J. Nicholson and Robert Canace, New Jersey Geological
Survey, written commun., 1990). The permeability of the surrounding and underlying Paleozoic
quartzite and Precambrian gneiss is low. All three aquifers are present in most of the valley areas
in the study area, except near Flanders and south of the Alamatong wellfield where the upper
valley-fill aquifer is absent. The valley-fill-aquifer materials are relatively permeable, with
hydraulic conductivities ranging from 2 to 86 ft/d for both the upper and lower valley-fill aquifers,
and ground water flows through them easily. In some areas the carbonate-rock aquifer is highly
permeable, with hydraulic conductivities as high as 864 ft/d, and well yields are as high as 2,000
gal/min. As a result of the orientation of fracturing and subsequent weathering processes, the
carbonate-rock aquifer is more permeable parallel to the valley (northeast-southwest) than in the
cross-valley direction. The permeability of the confining-unit materials (silt, clay, and
sedimentary rock) is several orders of magnitude lower than that of the aquifer materials, and
ground water moves through the confining units relatively slowly.

Recharge to the aquifer system occurs as (1) direct infiltration of precipitation through the
valley floor, (2) seepage from streams and lakes, and (3) infiltration of unchanneled runoff from
adjacent bedrock upland areas (fig. 3). The sources of recharge to the aquifer system are also the
sources of all water reaching supply wells. Water-quality data indicate that human activities have
affected water quality in both valley-fill aquifers and the carbonate-rock aquifer (Nicholson and
others, 1996, p. 120; R.A. Gallagher, New Jersey Department of Environmental Protection,
written commun., 1992). Limited information on the age of ground water in the study area
indicates that most ground water probably is less than a few decades old; tritium concentrations in
ground-water samples collected during 1988-90 from 11 wells representing the three aquifers in
the study area indicate that much of the sampled ground water entered the aquifer system as
recharge after 1952 (Nicholson and others, 1996, p. 48).

Sources of Water to Wells

The withdrawal of water from a well causes drawdown in the aquifer, which causes water
to flow through the aquifer to the well. The area contributing recharge to a well is defined in this
report as the area on the land surface through which all ground-water recharge passes that
eventually flows to the well and discharges (Reilly and Pollock, 1993). In some situations, the
sole source of water to a shallow supply well may be the precipitation that infiltrates over the
contributing recharge area (fig. 3a).
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minor differences in pumping rates, are evident, however. Between Ledgewood and Succasunna,
the area contributing recharge to wells with travel time exceeding 12 years under full-allocation
conditions is larger than that estimated for 2005 conditions. Along an unnamed tributary east of
the Lamington River, the area contributing recharge to wells with travel time between 5 and 12
years under full-allocation conditions is smaller than that estimated for 2005 conditions. These
differences illustrate the sensitivity of contributing recharge areas and travel time to pumping rate.

SUMMARY AND CONCLUSIONS

The valley-fill and carbonate-rock aquifer system near Succasunna in the New Jersey
Highlands is an important source of water supply for many communities in Morris County, New
Jersey. The aquifer system is an assemblage of alluvium, colluvium, stratified and unstratified
glacial sediments, low-permeability rock, and permeable carbonate rock underlain and bounded
by low-permeability crystalline bedrock. Recharge occurs as direct infiltration of precipitation
through the valley floor and as seepage from surface water. Surface-water sources of recharge
include natural and induced infiltration from rivers in the valleys, seepage from tributary streams,
and unchanneled runoff from adjacent upland areas. Ground-water-flow patterns are tortuous in
places. Flow patterns in the uppermost valley-fill sediments are dominated by the effects of
surface-water features and aquifer boundaries, and most flow in this aquifer discharges to surface
water. Flow patterns in the deeper valley-fill and carbonate-rock aquifers are dominated by the
effects of supply wells and of zones characterized by either high aquifer permeability or good
vertical hydraulic connection between aquifers.

Withdrawals from the aquifer system in the study area averaged 4.2 Mgal/d during 1991-
95, and are projected to increase by 38 percent to about 5.8 Mgal/d by the year 2005. If 1996
allocations were fully utilized, withdrawals would reach 6 Mgal/d, representing a 43-percent
increase over recent (1991-95) withdrawals. Withdrawals are increasing in large part to meet
water demands of communities in southwestern and central Morris County. As withdrawals
increase, areas that contribute recharge to wells increase, and areas that contribute recharge to
surface water decrease, resulting in streamflow reduction.

The area contributing recharge to a shallow well is typically located near the well. The
area contributing recharge to a deeper well typically consists of highly irregular or fragmented
areas, parts of which can be located thousands of feet from the well. The travel time of ground
water from distant contributing recharge areas to deeper wells is typically many decades or
hundreds of years, whereas travel time to shallow wells from local contributing recharge areas is
typically shorter. Some ground water may reach the deeper wells at the Alamatong wellfield
within 5 years.

Total areas contributing recharge to supply wells under different pumping conditions were
estimated, as well as areas contributing recharge that flows to supply wells in 5- and 12-year
periods. Simulation results show that the part of the contributing recharge area that is closest to
the well may or may not correspond with the shortest travel time, depending on the local perme-
ability distribution of aquifer and confining- unit materials. Under the recent (1991-95) conditions
simulated, some ground water recharging the aquifer system would reach each of the active
MCMUA Alamatong wells within 5 years. Contributing recharge areas to wells under the 2005
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and full-allocation conditions generally were larger than those under recent conditions. Contrib-
uting recharge areas under the 2005 and full-allocation conditions generally were similar because
ground-water withdrawals in most areas were similar. Differences in contributing recharge areas
and travel times under different conditions are attributable to differences in pumping rates. Under
the projected conditions simulated, surface water along a short segment of the Lamington River in
northeastern Chester Township would be induced to flow into the aquifer system and to the
MCMUA Alamatong 1 well within S years.
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GLOSSARY

AQUIFER--A rock unit (which may consist of unconsolidated sediments or consolidated rock)
that will yield water in a usable quantity to a well or spring.

ANALYTICAL MODELING-- A class of mathematical modeling techniques in which an
analytical solution of a governing partial differential equation is obtained. Analytical
solutions are available only for highly simplified problems. The usefulness of analytical
models in the evaluation of ground-water flow in most real-world systems is limited.

AREA CONTRIBUTING RECHARGE --Area on the land surface through which all ground
water passes that eventually flows to a well, stream, or other discharge area.

BASE FLOW--The ground-water contribution of flow to a stream.

CARBONATE ROCK--A rock consisting primarily of limestone or dolomite. Carbonate rock
can be highly permeable.

CALIBRATION--Adjustment of model input until the model output adequately resembles the
observed conditions in the real aquifer system.

CONFINING UNIT--A unit of rock or unconsolidated sediment with low permeability.

DISCRETIZATION--A process whereby the representation of an aquifer system is divided into
a grid consisting of a finite number of cells or elements; hydraulic properties and stresses
within each cell or element are assumed to be uniform.

DRAWDOWN--The decline in ground-water level in response to pumping from a well.

FLOW PATH--The subsurface course a water molecule or contaminant would follow in a given
ground-water-velocity field. Ground-water models can be used to describe flow paths.

FORWARD TRACKING--A particle-tracking mode in which particles are tracked in the
direction of simulated flow (forward direction) in order to define pathlines. In contrast,
back-tracking mode involves tracking particles backward, opposite to the direction of
simulated flow, to define pathlines.

GROUND-WATER-FLOW MODEL--A representation of relations between and among
components of the ground-water system and the rest of the hydrologic system. A
conceptual ground-water-flow model can be as simple as a diagram illustrating these
relations qualitatively. Mathematical ground-water-flow models can be used to quantify
these relations.

HYDRAULIC HEAD--The energy of a water mass, which is a function of elevation, pressure,
and velocity. A measure of hydraulic head in an aquifer is the level to which water rises in
a well. Differences in hydraulic head over distance cause ground water to flow.
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GLOSSARY--Continued

NUMERICAL MODELING--A class of mathematical modeling techniques in which a solution
to governing equations is obtained by using numerical methods. Numerical methods
involve the replacement of governing partial differential equations with a system of
algebraic equations, which are then solved simultaneously by using any of a variety of
mathematical procedures. Properly constructed numerical models can represent aquifer
systems characterized by irregular boundaries, heterogeneities, and other complexities.

PARTICLE TRACKING--A technique for determining ground-water-flow lines from results of
a ground-water-flow simulation. In the application of this technique, the position of a
hypothetical water molecule within the model volume is calculated at successive time
intervals.

PARAMETER--A quantifiable characteristic of the system being modeled. In the ground-water-
flow model presented in this report, the model parameters are hydraulic conductivity,
porosity, aquifer and confining-unit thicknesses, recharge, and streambed conductance.

PATHLINE--The trace of a flow path.

PERMEABILITY--A property of a rock unit that determines the rate at which a fluid, such as
water, can move through it. Sands and gravels have high permeabilities; silts and clays have
low permeabilities.

POROSITY--The ratio of the volume of void spaces in a rock or sediment to the total volume of
the rock or sediment.

POTENTIOMETRIC SURFACE--A surface that represents the level to which water will rise in
tightly cased wells. The water table is the potentiometric surface of an unconfined aquifer.

RECHARGE--The addition of water to the zone of saturation. Recharge can result from the
infiltration of precipitation, from the flow of water from a surface-water body into an
aquifer, or from the injection of water through an injection well.

SOURCE AREA --In this report, the land-surface area and subsurface volume from which water
flows as either surface water or ground water to a stream or point of withdrawal.

STEADY-STATE SIMULATION--A mathematical model solution in which the distributions of
hydraulic head and flow do not change through time. The average condition of a system
typically can be represented adequately by using steady-state simulation.

TIME OF TRAVEL (TOT)--The time required for a contaminant to move through an aquifer
from a specific recharge point to a specific discharge point (such as a well or stream).

VALLEY FILL--A body of unconsolidated sediment deposited within a valley.

WATER TABLE--The upper surface of the zone of saturation at which the water pressure equals
atmospheric pressure.
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GLOSSARY--Continued

WELLHEAD--The physical structure, facility, or device at the land surface from or through
which ground water flows or is pumped from aquifers.

WELLHEAD PROTECTION AREA-- An aquifer volume described in plan view around a well,
from which ground water flows to the well and ground-water pollution, if it occurs, poses
a significant threat to the water quality of the well (New Jersey Department of
Environmental Protection and Energy, 1991, Appendix C).

WELLHEAD PROTECTION PROGRAM--A Statewide effort to enhance protection of water

supplies through integration and enhancement of existing programs and new initiatives.
Each state is required by USEPA to plan a Wellhead Protection Program (1986 Federal
Safe Drinking Water Act Amendments (Section 1428)).
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